We provide a mean-field theoretical description of frustrated multiferroic MnI2 with a spiral magnetic ordering in magnetic field h. We demonstrate that subtle interplay of exchange coupling, dipolar forces, hexagonal anisotropy, and the Zeeman energy account for the main experimental findings observed recently in this material (Kurumaji, et al., Phys. Rev. Lett. 106, 167206 (2011)). We describe qualitatively the non-trivial evolution of electric polarization P upon h rotation, changing P direction upon h increasing, and disappearance of ferroelectricity at h > hc, where hc is smaller than the saturation field.
I. INTRODUCTION
Multiferroics are among the most interesting and perspective materials nowadays. The possibility of cross control between electric and magnetic degrees of freedom gives rise to various highly desirable applications of these compounds. 1 The main goal is to synthesize a material with strong magnetoelectric coupling in order to control magnetization M (electric polarization P) by electric (magnetic) field. 2 Very promising in this respect are multiferroics of spin origin in which ferroelectricity is induced by spiral magnetic ordering and a giant magnetoelectric response was discovered. Three main mechanisms of ferroelectricity of spin ordering are discussed now: exchange-striction mechanism, the inverse Dzyaloshinskii-Moriya (DM) mechanism, and the spindependent p-d hybridization mechanism.
1
Frustration plays an important role in many multiferroics of spin origin. In particular, the frustration producing a short period spiral magnetic ordering is indispensable for the inverse DM mechanism of ferroelectricity. 3 Besides, the frustration-induced proper screw type of magnetic ordering can lead to ferroelectricity in some materials through the variation in the metal-ligand hybridization with spin-orbit coupling (the spin-dependent p-d hybridization mechanism). 1, 4 Due to the high symmetry of crystal lattice, such compounds can host multiple domains with different electric polarizations. This leads to possibility of switching between the domains (i.e., changing P of the whole sample) by magnetic field H. Such H-induced rearrangement of six domains was studied experimentally 5 in triangular lattice helimagnet CuFe 1−x Ga x O 2 . At large enough in-plane H, the electric polarization P||q flops on 120
• upon H rotation through (60p)
• , where p is integer, as a result of the switch of the helical vector q.
The situation is more complicated in another triangular lattice helimagnet MnI 2 . At H = 0, the proper screw magnetic ground state hosts in-plane electric polarization P ⊥ q|| 110 which can be accounted for by both the inverse DM and the p-d hybridization mechanisms. 6, 7 Corresponding six domains can be controlled by magnetic field H < 3 T in the manner described above. 6 However, the stable q direction changes to 110 and P becomes parallel to q when H increases 3 T. At H ≈ 3 T, q and P rotate smoothly upon in-plane H rotation.
In the present paper, we address this peculiar competition of two multiferroic orders in MnI 2 in magnetic field. We use the model which we propose in Ref.
7 for the description of the successive phase transitions in helimagnets with dipolar interaction (which successfully describes also MnI 2 ). We perform below a mean field analysis of the system at zero temperature taking into account symmetry-allowed anisotropic interactions (magnetic dipolar interaction as well as easy-axis and hexagonal anisotropies), which were shown to play an important role in MnI 2 . 7 We describe qualitatively the experimentally observed low-temperature behavior of MnI 2 in the external magnetic field.
The rest of the paper is organized as follows. We discuss MnI 2 in zero and finite magnetic fields in Secs. II and III, respectively. Sec. IV contains summary and conclusion.
II. MnI2 AT ZERO MAGNETIC FIELD
MnI 2 crystallizes in a layered hexagonal lattice with centrosymmetric space group P 3m1 (see Fig. 1(a) ). Triangular planes of magnetic Mn 2+ ions are stacked along hexagonal z axis. Positions of ligand iodide ions alternate above and below the planes as it is shown in Fig. 1(b) . Mn 2+ ions are in spherically symmetric state with L = 0, S = 5/2, and g ≈ 2 that makes the spin-orbit interaction quite small. As a result, the dipole interaction becomes one of the main source of anisotropy in MnI 2 . According to the neutron diffraction data, 8 this compound undergoes three successive magnetic phase transitions at T N 1 = 3.95 K, T N 2 = 3.8 K, and T N 3 = 3.45 K. The second-order transition takes place at T = T N 1 to the phase with an incommensurate sinusoidally-modulated (ICS) spin order in which the magnetization is directed along the twofold symmetry axis of the magnetic subsystem. The second-order transition at T = T N 2 is related with the breaking of the twofold rotational symmetry in the ICS phase: at T N 3 < T < T N 2 , the projection of the ICS modulation vector q onto xy-plane and the magnetization continuously move upon T decreasing from one high-symmetry direction to another (e.g., from 100 to 110 ). At T = T N 3 , the first-order transition occurs to a phase with a proper screw magnetic ordering in which spins rotate in the plane perpendicular to q ≈ (0.181, 0, 0.439). The proper screw spin texture breaks the inversion symmetry, thus allowing for the electric polarization along [110] axis.
6 . This cascade of magnetic phase transitions was successfully described theoretically within a mean-field theory in our previous paper 7 . We demonstrated that due to the small exchange integrals (which would lead only to a single transition to the spiral phase) spin interactions of relativistic nature are responsible for the set of phase transitions. The essential ingredients of our model were: (i) magnetic dipole interaction which provides correct magnetization direction in the ICS phase, (ii) inplane hexagonal anisotropy which is responsible for the transition at T N 2 by making [110] set of axes (see Fig. 1 ) to be easy directions of the magnetization, (iii) easy-axis anisotropy which determines the spin rotational plane in the low-T spiral phase.
We adopt this model below to describe MnI 2 on the mean-field level at small T in the external magnetic field H. The corresponding Hamiltonian of the magnetic subsystem reads as
where H ex is the exchange interaction (see Fig. 1 (a) for the exchange coupling interactions included in the model), H dip is the dipolar interaction,
v 0 is the unit cell volume,
H eas and H hex describe the easy-axis and the hexagonal anisotropies, respectively, and h = gµ B H in the Zeeman energy. We omit in Eq. (1) a small DM spin interaction which does not effect the spin textures and which arises at T < T N 3 as a result of the electric polarization stabilization via the inverse DM mechanism. 7 After the Fourier transform
contribution to the the mean-field energy E from the first three terms in Eq. (1) acquires the form
where symmetrical tensor 
We find in Ref. 7 by minimizing the mean energy that the following set of parameters gives the proper screw spiral ordering at T = 0 with q = q sp = (0.166, 0, 0.428) (the latter is very close to the experimentally observed value of (0.181, 0, 0.439)): 
where all values are in Kelvins. 10 We use parameters (11) below in our quantitative analysis of MnI 2 in magnetic field.
III. MnI2 IN MAGNETIC FIELD AT SMALL T
Only perpendicular to the spin rotational plane component of the magnetic field
makes the main contribution to the mean energy at small enough h (we consider below h much smaller than the saturation field h s which is larger than 6 T in MnI 2 ). Then, the short-period spin texture is approximately conical which can be characterized by the cone angle α (α = 0 at h = 0) and vector n = (sin θ cos ϕ, sin θ sin ϕ, cos θ)
normal to the spin rotational plane (θ ≈ 38
• and ϕ = (60p)
• at h = 0, where p is integer). Numerical calculation with parameters (11) shows that dipolar forces provide v 1 (q) ⊥ q so that
(spirals with modulation vectors q and −q have the same energy). Then, magnetic moment at i-th site has the form
where S is the mean value of magnetization per site and
are basis vectors in the spin rotation plane. It is seen from Eq. (15) that the mean energy depends only on S ±q and S 0 and its explicit form is • which appears in mean energy (17) and describes the hexagonal anisotropy. Under magnetic field (i.e., the cone angle α) increasing, minima and maxima of f change places so that f goes through a flat profile at α ∼ αc ≈ 15
• .
where N zz is the demagnetization tensor component, the term with f (θ, ϕ, α) originates from the hexagonal anisotropy (see Fig. 2 for graphics of this function at θ = 38 • ), and λ 0 = J 0 − ω 0 /3. For definiteness, we consider below a crystal having the form of a thin plate so that N zz = 1.
The last term in Eq. (17) describes phenomenologically the contribution from the magnetoelectric coupling. It is derived as follows. In general, electric polarization can be found by minimization of the mean energy
where the first term arises due to the non-collinear spin ordering. For ligand lying between i-th and j-th magnetic ions, the inverse DM mechanism gives
whereas the p-d hybridization mechanism leads to
where l denotes the site with nonmagnetic ligand. One obtains by minimization of Eq. (18) P = γχ E P SO and
Eqs. (19) and (20) provide different θ-dependence of P SO but it follows from the symmetry that both Eqs. (19) and (20) vanish for spirals with θ = π/2 and θ = 0 (in particular, it is shown in Ref.
7 that the inverse DM mechanism gives
2 q sin θ cos θ which vanishes at θ = 0, π/2 as it is seen from Eqs. (13) and (14)). The simplest function which describes phenomenologically this θ-dependence is sin 2θ (calculations show that our conclusions are insensitive to the particular choice of this function). Then, it is seen from Eqs. (19) and (20) that P SO ∝ S 2 . As a result, we come from
SO /2 to the last term in Eq. (17), where X is a constant.
The following qualitative picture arises from analysis of Eq. (17). At small h, α is also small and the hexagonal anisotropy provides energy minima at ϕ = (60p)
• , where p is integer, that corresponds to q ⊥ || 110 directions (see Figs. 1 and 2) , where q ⊥ is the projection of q on the triangular plane. Then, six domains can appear in a sample with six possible orientations of q. Electric polarization P ⊥ q ⊥ arises in each domain via the inverse DM or the p-d hybridization mechanisms.
1,7
The energy maxima are at q ⊥ || 110 so that switches of q take place upon magnetic field rotation across angles φ h = (30 + 60p)
• which are accompanied with switches of P (it is seen from Eq. (17) that the Zeeman term is minimized upon such q flops).
Naively, one could expect that upon a 60
• counterclockwise rotation of h, P turns by the same angle of 60
• in the same direction. However, the situation is more complicated. Because the system possesses only a threefold rotation axis (see Fig. 1 ), the 60
• rotation of the magnetic field could be accompanied with the same rotation of q ⊥ but q z should change its sign to provide the energy minimum. Such evolution of q, however, would be at odds with the experiment which shows that spin chirality is preserved upon h-induced q-flops due to the difference in stability between two different multiferroic domain walls 5, 6 . The evolution of q which provide minima for both domain energy and the domain walls energy is changing the sign of q ⊥ and preserving q z . It is easy to show that such q modification leads to a clockwise rotation by 120
• of P. Under h increasing, α also rises and minima and maxima of the hexagonal anisotropy change places at some critical value α c ≈ 15
• of the cone angle as it is seen from Fig. 2 . This change of the hexagonal anisotropy can be explained qualitatively by simple example of the proper screw spiral with θ = 90
• (see Fig. 3 ). Projections of spins on the triangular plane are shown in Fig. 3 for two cases: (a) h q ⊥ 110 (this configuration minimizes the anisotropy energy at h = 0); (b) h q ⊥ 110 (this configuration maximizes the anisotropy energy at h = 0). It is seen from Fig. 3 that upon field increasing, spins in the cone spiral become closer to the hard and easy directions in cases (a) and (b), respectively, that results in the changing places of minima and maxima at the critical cone angle α c .
The system mean energy changes accordingly upon h increasing: at moderate magnetic fields h 0.75 T, the system energy becomes smaller in configuration h q ⊥ 110 than in configuration h q ⊥ 110 . As a result, at a given orientation of h spin ordering changes in domains at some field value from q ⊥ 110 to q ⊥ 110 (see Fig. 4 ). The in-plane field rotation leads to the switches between these domains at φ h = (60p)
• . This changing of the spin ordering is accompanied with changing the type of the multiferroic ordering in the domains from P ⊥ q ⊥ to P||q ⊥ . The latter can be described by the p-d hybridization mechanism (see, e.g., Ref. 4 ). It is seen from Fig. 1 that one has to consider the cluster shown in Fig. 5 to determine P direction at q ⊥ 110 . It is easy to show using Eq. (20) that contributions to the P component perpendicular to q ⊥ exactly cancel each other, and only P component along q ⊥ can be nonzero. The clockwise rotation by 120
• of P upon the counterclockwise rotation of h by 60
• is explained in the same spirit as it is done above for the low-field regime.
At h ∼ 0.75 T both spin textures have approximately the same energy and the hexagonal anisotropy is almost independent of ϕ (see Figs. 2 and 4) . This results in a continuous rotation of q ⊥ by rotating magnetic field keeping q ⊥ h. As it is explained above, P ⊥ q ⊥ and P q ⊥ when q ⊥ 110 and q ⊥ 110 , respectively. Then, P rotates clockwise twice while magnetic field rotates counterclockwise once at this critical field region. This picture is in full qualitative agreement with experimental findings of Ref.
6 .
Under magnetic field increasing, θ also grows so that vector n lays on the xy-plane (θ = 90
• ) at large enough h. In this case, electric polarization is exactly zero in accordance with both the inverse DM and the p-d hybridization mechanisms. Then, the field value h c (denoted in Fig. 4 ) at which θ becomes equal to 90
• determines the border of the ferroelectric phase. According to our calculations with parameters (11), h c ≈ 1.3 T whereas its experimentally obtained 6 value is 6 T. This discrepancy can be reduced by only a small variation of parameters (11): e.g., increasing of J values by 10% leads to h c ≈ 3 T. Then, the quantitative consistency of our mean-field consideration with the experiment is reasonably good. ⊥ and P||q ⊥ , respectively) at h 110 . At small magnetic field, configuration with q ⊥ || 110 (black curve) is stable, whereas at h ≈ 1 T a first-order transition takes place to the state with q ⊥ 110 (red curve) due to subtle interplay between Zeeman energy and the hexagonal anisotropy. At h = hc ≈ 1.3 T, θ becomes equal to 90
• in both spin textures in which case P = 0. 
IV. SUMMARY AND CONCLUSION
To conclude, we provide a mean-field theoretical description of multiferroic MnI 2 in magnetic field h. Key experimental findings of Ref.
6 are described qualitatively within our theory by the subtle interplay of exchange coupling, dipolar forces, hexagonal anisotropy, and the Zeeman energy. In particular, we show that P turns by 120
• clockwise upon the counterclockwise field rotation by 60
• . We demonstrate that P direction changes upon h increasing from P ⊥ q ⊥ to P||q ⊥ . It is also observed that the ferroelectricity disappears at h > h c , where h c is smaller than the saturation field.
